Novel polysiloxane based ABA-type triblock copolymers having a secondary amine at the junction point were synthesized using a combination of ring opening equilibration polymerization (ROEP), Michael addition and atom transfer radical polymerization (ATRP). Polysiloxane based bifunctional ATRP macroinitiators were synthesized and subsequently used for controlled radical polymerization of t-butyl acrylate (t-BA) and sulfobetaine methacrylate (SBMA). Gel permeation chromatography (GPC) analysis of the triblocks based on t-BA showed high chain end functionality, due to the disappearance of peaks related to the macroinitiator. ROEP can be used to control the block length of the polysiloxane while ATRP can be used to control the chain length of the outer blocks, making the ABA-type triblock a unique material with secondary amine functionality which can be used for further reaction.
Introduction
Block copolymers containing polydimethylsiloxane (PDMS) are of great interest since they allow for the combination of the unique properties of siloxanes with other materials. These properties are governed by their chemical structure and macromolecular architecture. PDMS has a very low glass transition temperature, low toxicity, low surface energy, high gas permeability, as well as high stability towards heat, chemicals and UV radiation. Therefore, block copolymers with polysiloxanes offer the possibility of tailoring the physico-chemical and thermo-mechanical properties of other materials. For the most part, siloxanes impart improved properties to the polymers with which they are copolymerized. For example, siloxane block copolymers can be used for the preparation of hydrophobic surfaces, surfactants, nano-reactors, adhesives, biomaterials, fouling resistant surfaces, etc [1] [2] [3] [4] .
A material's surface and its chemical composition are of utmost important since materials interact and undergo changes through interaction with the surrounding medium. Material properties such as adhesion, tribological properties, haptic properties and biocompatibility are regulated by surface chemical composition and morphology of the material [5] [6] [7] . Surface chemistry, surface wettability, topography, and mechanical properties affect biological responses of cells and proteins, making a surface and its chemical nature of greatest importance in the case of biomaterials [8] .
The lowest surface energy component of a solvent cast block copolymer preferentially segregates to the surface. Thus, the surface of a solvent cast copolymer containing low surface energy PDMS is thus saturated with PDMS [9] [10] [11] . The concept of surface enrichment by PDMS has been used to create self-stratified low surface energy siloxane-polyurethane coating systems to combat biofouling in which a PDMS-enriched surface provides easy release of marine organisms [7, 11] . Crosslinking the siloxane-polyurethane system was found to improve the long-term stability of the low surface energy under water.
Any groups covalently attached to a low surface energy polymer are forced to segregate to the surface along with the polymer [14] [15] [16] [17] . This feature can be used to devise materials having surfaces with a combination of properties from ABA-type triblock copolymers, where blocks attached to a PDMS central block will segregate to the surface along with the low surface energy PDMS center block. We are interested in using this concept to devise a coating system having an amphiphilic surface using a combination of properties obtained from ABA-type triblock copolymers, if the blocks attached to a PDMS center block are hydrophilic in nature. Since zwitterionic polymers such as poly(sulfobetaine methacrylate) [poly(SBMA)] are known for its non-fouling characteristics, [18, 19] we are interested in designing a coating system which will have poly(SBMA) concentrated on the surface. To accomplish this, a method was needed for synthesizing ABA triblock copolymers with PDMS as the central "B" block and having "A" blocks derived from the polymerization of vinyl monomers. However, in order to be able to chemically incorporate the triblock copolymer into a polyurethane network, the triblock copolymer also needed to have a functional group capable of reacting with an isocyanate, but this functional group cannot interfere with the synthesis of the triblock copolymers. While several approaches to the synthesis of ABA triblock copolymers from a PDMS bifunctional initiator have been reported, [3, [20] [21] [22] [23] [24] [25] none of these have the inherent capability of reacting with a polyisocyanate.
Thus, to meet these objectives, a novel approach was identified for the synthesis of ABA-type triblock polymers having secondary amines at the junction points as shown in Scheme 1. A combination of three synthesis techniques was used to synthesize the triblocks: ring-opening equilibration polymerization (ROEP), Michael addition and atom transfer radical polymerization (ATRP). ROEP is used to control the block length of the center PDMS block while ATRP has an advantage of being a controlled radical polymerization method. Therefore, the chain length of the A-blocks on either side of the PDMS block can be precisely controlled. The PDMS center block is synthesized using ROEP of cyclic siloxane monomer and an amine terminated siloxane end blocker. The primary amines of the PDMS are then reacted with an acrylate functional ATRP microinitiator via Michael addition to form a bifunctional PDMS-based ATRP macroinitiator, having a secondary amine functionality for further reaction, i.e. incorporation into a polyurethane. The ATRP macroinitiator is further used for polymerization of monomers such as tert-butyl acrylate (t-BA) and SBMA. The ABA-type triblock copolymers were synthesized and characterized using GPC, NMR and FTIR. In the case of t-BA ATRP, the target molecular weights were achieved and a decrease in PDI with increase in molecular weight and % conversion were obtained, which is characteristic of ATRP reactions.
To best of our knowledge, we are the first reporting the synthesis of a PDMS-based bifunctional ATRP initiator having secondary amine functionality for further reaction, in addition to reactive centers for ATRP. The advantage of such a bifunctional initiator is that the chain length of the center block and the blocks on either side can be precisely controlled and the secondary amine functionality at the junction point can be used for further reaction. Scheme 1. Synthesis of ABA-type triblock copolymers using ROEP and ATRP.
Results and Discussion

Synthesis of polysiloxane based ATRP macroinitiators
In first step of the ABA block copolymer synthesis, bifunctional ATRP macroinitiators were synthesized. 2-Hydroxy ethylacrylate (HEA) was reacted with 2-bromoisobutyryl bromide (BIBB) to form the ATRP initiator 2-(2-bromoisobutryloxy) ethyl acrylate (BIEA). Details of the synthesis procedures are provided in the experimental part. BIEA was characterized by 1 H NMR as shown in Figure 1 . The acrylate functional BIEA was further reacted with the primary amines of 3-aminopropyl-terminated PDMS (APT-PDMS) at room temperature via Michael addition to form the PDMS based ATRP macroinitiator. The 1 H NMR of an APT-PDMS-875 macroinitiator, where the PDMS molecular weight is 875 g/mol, is shown in Figure 2 . The same macroinitiator was also synthesized in an alternative route in which APT-PDMS was first reacted with HEA to form the hydroxy-terminated PDMS. Reaction of the hydroxy-terminated PDMS with BIBB yielded the PDMS based macroinitiator. However, the former route of synthesis was selected since BIEA can be added to APT-PDMS polymers of varying molecular weight and therefore the number of synthesis steps can be reduced.
A series of bifunctional PDMS macroinitiators were made by reacting BIEA with bis(3-aminopropyl)-tetramethyldisiloxane (BAPTMDS), APT-PDMS-875, APT-PDMS-5000 and APT-PDMS-10000. (875, 5000 and 10,000 are the M n of PDMS.) The completion of the reactions was monitored for complete disappearance of peaks corresponding to acrylate double bonds in 1 H NMR. The bifunctional macroinitiators were further characterized using GPC. The comparison between GPC and target molecular weight of the PDMS initiators is shown in Table 1 and indicate good agreement between the target and GPC values. The increase in PDI of the macroinitaitors with the increase in molecular weight in Table 1 
Synthesis of poly(t-butyl acrylate)-PDMS-poly(t-butyl acrylate) triblock copolymer
The ATRP reactions of t-BA using the polysiloxane ATRP macroinitiators were carried out in toluene at 40ºC using is the monomer concentration at time t) for the APT-PDMS-875 macroinitiator with a target triblock M n of 11,400 g/mole (M n of APT-PDMS-875 is 1405 g/mole and M n of t-BA blocks is 10,000 g/mol) is shown in Figure 3a . A linear dependence in Figure 3a demonstrates successful ATRP synthesis. GPC plots of the triblock at five different time intervals are shown in Figure 3b . ATRP polymerization of t-BA was well controlled as GPC showed only one peak. Unreacted macroinitiator was not detected in GPC indicating complete reaction of the macroinitiator. The unimodal peak in GPC confirms the high chain functionality and complete chain initiation. The GPC and target molecular weight values versus conversion are plotted in Figure  4 . A linear increase in M n with time and a decrease in PDI was obtained. The target and GPC molecular weights were in close agreement at all conversions. At 0 conversion, the M n of the triblock is only due to the M n of the APT-PDMS-875 macroinitiator (1405 g/mol). The increase in molecular weight with time and a decrease in PDI confirms the successful ATRP synthesis. The PDI of the APT-PDMS-875 based initiator was 1.50 and therefore, the initial PDI of the triblock was higher. With the controlled addition of t-BA units to the macroinitiator the PDI decreased to 1.29 as shown in Figure 4 .
Similarly, ATRP reactions of triblocks were also carried out at 70 ºC using macroinitiator based on APT-PDMS-875. For target 5000, 10000 and 15000 M n of t-BA blocks, a linear increase in conversion and increase in molecular weight with time was observed. M n of triblocks obtained from GPC versus time is plotted in Figure 5 .
The target values were reached for all the triblocks. The material properties depend upon block length in copolymer and hence control over molecular weight is important. Therefore, with t-BA polymerization with the PDMS macroinitiator, the properties of the block copolymers will be very well controlled due to the controlled polymerization technique. 
Synthesis of poly(SBMA)-PDMS-poly(SBMA) triblock
As discussed earlier, our interest in synthesizing the poly(SBMA)-PDMS-poly(SBMA) triblock is due to our interest in designing an amphiphilic fouling-release siloxanepolyurethane system. Strictly hydrophobic or hydrophilic surfaces have limitations in controlling marine fouling [26] . Therefore, amphiphilic coatings with compositional control over hydrophilic and hydrophobic components can be used to resist marine biofouling. Amphiphilic coatings are designed to have both hydrophilic and hydrophobic moieties at the surface [26] . Therefore, the amphiphilic triblocks can incorporated into a polyurethane system to yield a material having an amphiphilic surface. In initial experiments, the bifunctional macroinitiators were used for the polymerization of SBMA via ATRP in the presence of Cu(I)Br and 2,2'-bipyridine in a nitrogen environment. For each of the PDMS macroinitiators, the poly(SBMA) chain length was kept at 2500 and 5000 g/mole on both sides of the PDMS central block. The formation of the triblock copolymer was characterized by 1 H NMR and FTIR. The characteristic 1 H NMR of the triblock is shown in Figure 6 . The complete disappearance of the peaks of the proton of the carbon-carbon double bond in SBMA as well as broad peaks confirms the polymerization of SBMA. FTIR (Figure 7 ) also showed the characteristic peaks expected to be present in final product.
Conclusions
ROEP and ATRP methods were used to synthesize novel ABA-type triblock copolymers. A novel bifunctional macroinitiator was synthesized and used for the ATRP polymerization of t-BA and SBMA. Kinetics experiments demonstrated that the polymerization was in control. ROEP has an advantage of synthesizing PDMS of varying molecular weight while ATRP has an advantage of controlled polymerization. The unique properties of polysiloxane can be combined with other polymers and physico-chemical and thermo-mechanical properties of the other materials can be altered. The secondary amine bridge can be used for further reaction and the use of SBMA-PDMS-SBMA triblocks as surface modifiers in polyurethanes will be described in a forthcoming publication.
Experimental Part
Materials
Bis(3-aminopropyl)-tetramethyldisiloxane (BAPTMDS), 3-aminopropyl-terminated poly(dimethylsiloxane) (APT-PDMS-875) number average molecular weight (M n ) 875 g/mole, and octamethylcyclotetrasiloxane (D4) were purchased from Gelest Inc. [2-(Methacryloyloxy)ethyl] dimethyl(3-sulfopropyl)-ammonium hydroxide (sulfobetaine methacrylate, SBMA, 97%) monomer, 2-hydroxy ethylacrylate (HEA), tert-butyl acrylate t-BA), 2-bromoisobutyryl bromide (BIBB, 98%), N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA, 99%), 2,2'-bipyridine (bpy, ≥ 99%), triethylamine, 99% and Cu(I)Br were purchased from Aldrich and used as received. Baker Bond's neutral alumina disposable extraction columns were used before GPC measurement to remove residual catalyst. HPLC grade tetrahydrofuran (THF), toluene and methanol were purchased from Baker.
Characterization
1
H NMR measurements were done using a JEOL-ECA 400 (400 MHz) NMR spectrometer. The chemical shift of CDCl 3 and D 2 O solvent peaks at δ = 7.26 and δ= 4.80 ppm respectively, were used as references. FTIR was done using a Bruker Vertex 70. Gel permeation chromatography (GPC) measurements were carried out in THF (flow rate of 2 ml/min) on a Symyx Rapid GPC with evaporative light scattering detector (PL-ELS-1000) equipped with 2XPLgel Mixed-B column at 45 ºC using polystyrene as standard. M n and PDI were determined using Epoch software. To determine % conversion, Genevac® high personal solvent evaporation system was used to remove unreacted monomer and solvent. The weight difference of tared vials before and after polymerization was used to determine % conversion.
Synthesis of APT-PDMS
The synthesis of APT-PDMS with a range of molecular weights using ROEP of D 4 and BAPTMDS has already been discussed [11] .
Synthesis of 2-(2-bromoisobutryloxy) ethyl acrylate (BIEA)
BIEA was synthesized according to reported procedures [3] . HEA (25 mL, 0.24 mol) and 33 mL of triethylamine (0.24 mol) were dissolved in 200 gms dry THF in a 500 ml 3-neck flask, equipped with addition funnel and magnetic stirrer. The solution was placed in an ice bath and BIBB (35 mL, 0.28 mol) was added dropwise to the ice cooled solution (0-5 °C) and after the complete addition of BIBB, the reaction mixture was stirred overnight at room temperature. The white precipitate formed was removed using a fritted funnel and solvent was removed under vacuum. Then, 100 mL of dichloromethane was added and it was washed with water 3 times (3X100 ml). The organic layer was collected, dried over MgSO 4 , filtered, condensed on rotary evaporator, and dried in vacuo overnight to yield BIEA.
Synthesis of bifunctional ATRP macroinitiator using Michael Addition
The bifunctional ATRP macroinitiator was prepared by reacting BIEA with APT-PDMS at room temperature. The mole ratio of APT-PDMS to BIEA was 1:2. APT-PDMS-875 (5 g, 5.71 mmole) and 3.03 g (11.42 mmole) of BIEA were weighed in 20 mL vial equipped with magnetic stirring inside a nitrogen glove box and the reaction was monitored by 1 H NMR for the disappearance of peaks corresponding to the acrylate double bond. A series of parallel ATRP polymerizations were carried out and vials were taken out periodically and were kept in a refrigerator for quenching at 4 °C for overnight. The polymers were used for conversion and GPC. For GPC, the polymers were dissolved in THF and filtered through an aluminum oxide column to remove Cu(I)Br. The conversion method has been already discussed [25] . 
Synthesis of poly(t-butyl acrylate)-PDMS-poly(t-butyl
Preparation of zwitterionic triblock copolymers
